Large-scale Transportation Infrastructures (LTIs; roads, railways, etc.) are among the main de-14 terminants of landscape fragmentation, with strong impacts on animal dispersal movements and 15 functioning of metapopulations. Although the detection of the impacts of LTIs is now facilitated 16 by landscape genetic tools, studies are often conducted on a single specie, while it is acknowledged 17 that different species might react differently to the same obstacle. Multi-specific approaches are 18 thus required to get a better overview of the impacts of human-induced fragmentation, especially in 19 landscapes crossed by multiple LTIs whose impacts can accumulate. We surveyed two vertebrates 20 species (the grass snake Natrix helvetica and the midwife toad Alytes obstetricans) and two insect 21 species (the butterfly Maniola jurtina and the ground-beetle Abax parallelepipedus) in a landscape 22 fragmented by six LTIs: a motorway, a railway, a country road, a gas pipeline, a power line and a 23 secondary road network. Using multiple linear regressions and commonality analyses on both clas-24 sical and hierarchical genetic distances computed over reduced spatial scales, we showed that 38% 25 of the overall explained genetic variability across all species was due to LTIs. While the butterfly 26 was seemingly not impacted by any LTI, the genetic structure of the three ground-dwelling species 27 was mostly influenced by roads, motorway and railway. LTIs, and especially roads, mostly acted as 28 barriers to gene flow, barrier effects accounting for 85% of the overall variance in genetic distances 29 explained by LTIs across species. Although the power line did not affect any studied species and the 30 1 gas pipeline only impacted gene flow in the ground-beetle through forest fragmentation, other LTIs 31 systematically affected at least two species. Importantly, we showed that some LTIs could some-32 how promote gene flow, embankments probably providing favourable habitats for vertebrate species.
: Study area in south-western France present since the 18 th century; a power line and a gas pipeline constructed in 1962 and 1955, respectively, 98 both associated with breaches in forest cover; a 1370 km dense network of low traffic secondary roads 99 ( Fig. 1) . 100 We considered four species with various life history traits in order to span a large amount of biological 101 variability: two vertebrates (the snake Natrix helvetica and the midwife toad Alytes obstetricans) and two Figure 2 : Sampling locations of the snake Natrix helvetica and the butterfly Maniola jurtina within the study area. Each snake location represents an individual and each butterfly location represents a sampled population (about 30 individuals per population). For these two species, no genetic structure was identified (see result section).
sampling. Care was taken to minimise animal handling and stress and all individuals were rapidly released 149 at the place of capture after manipulation. We amplified 13 (Pokrant et al., 2016), 14 (Tobler et al., 150 2013; Maia-Carvalho et al., 2014 ), 15 (Richard et al., 2015 and 14 (Marcus et al., 2013) polymorphic 151 microsatellite loci in N. helvetica, A. obstetricans, M. jurtina and A. parallelepipedus, respectively. For a 152 detailed procedure of DNA extraction, amplification and genotyping, see Appendix 1. Some individuals 153 could not be correctly genotyped because of insufficient amounts of DNA: genotypes with more than 154 2 loci presenting missing values were discarded to allow robust subsequent genetic analyses. We used 155 Genepop 4.2 (Rousset, 2008) to test for linkage disequilibrium among pairs of loci and deviation from 156 Hardy-Weinberg Equilibrium after sequential Bonferroni correction to account for multiple related tests 2017). For each resistance surface, we rescaled pixel resistance values to range from 1 (null or extremely low densities) to 100 (the element covers the entire pixel) and the final rescaled resistance surface was 218 used in CIRCUITSCAPE 4.0 (McRae, 2006; McRae et al., 2013) , 2015) . These confidence intervals were used to assess the significance of the predic-246 tors contributions to the variance in the corresponding genetic distances. We considered that a predictor 247 was a robust contributor to the variance in the response variable as soon as the confidence interval about 248 the corresponding β value did not include 0. A predictor with a positive β value was associated with 249 an increase in the genetic distances and was interpreted as impeding gene flow . On the contrary, a 250 predictor with a negative β was associated to a reduction in genetic distances and was thus interpreted 251 as promoting gene flow (Jacquot et al., 2017) .
In order to summarise model results across species and predictors, we built three 100 % stacked 253 barplots. In the first plot, averaged unique contributions of predictors to the variance in genetic variables 254 were presented per species and across all species with contributions combined into two main classes: 255 those associated with LTIs and those associated with non-LTI predictors (IBD, Altitude, Woodlands, 256 Grasslands, Water, Crops and Urban). In the two last plots, averaged unique contributions of LTIs were 257 either presented per species (and across all species) or per LTI (and across LTIs), with contributions 258 combined into two main classes: those associated with an increase and those associated with a decrease 259 in genetic distances. Predictors that were absent from final simplified models were given a unique 260 contribution of 0.
261

RESULTS
262
Genetic structures 263 Structure outputs indicated a single genetic cluster in both the grass snake N. helvetica and the butterfly 264 M. jurtina, suggesting high gene flow across the study area in these species. On the contrary, we found 265 strong hierarchical genetic clustering in the toad A. obstetricans and in the beetle A. parallelepipedus 266 (Fig. 3) . In toads, we identified two hierarchical genetic clusters. At the first level, one cluster (B) 267 was surrounded by a second cluster (A) with no clear geographical boundaries explaining this pattern 268 ( Fig. 3 ). Ten individuals could not be assigned to any of these two clusters (cross-assigned individuals), 269 suggesting some exchanges between these two clusters. At the second hierarchical level, only cluster A was 270 further divided into three sub-clusters: A1, A2 and A3. These three sub-clusters were not separated by 271 clear geographical patterns and a high number of individuals (21) were cross-assigned, again suggesting 272 frequent exchanges among them. We similarly identified two hierarchical clustering levels in beetles 273 ( Fig. 3) . At the first level, 19 populations were assigned to cluster A and ten were assigned to cluster 274 B. Cluster A included populations sampled mostly in the western part of the study area and north of 275 the road D6089 (Fig. 3) . One population at the extreme south-west could not be assigned to any of 276 these two clusters (cross-assigned). Cluster B, was further divided into two sub-clusters at the second 277 hierarchical level. Clusters B1 and B2 were separated by the D6089 and the gas pipeline, with B1 in hierarchical level, only one population could not be assigned to any of these two clusters (cross-assigned).
280
This population was located between the road "D6089" and the gas pipeline, exactly in-between clusters 281 B1 and B2. Right panels: hierarchical splits of inferred clusters from the first to the second hierarchical level. Each box represents a cluster, with n the number of samples (individuals for A. obstetricans and populations for A. parallelepipedus) assigned to it. The number of cross-assigned samples at each hierarchical level (Q-values < 0.6) is also indicated. Table 1 : Outputs of multiple linear regressions and additional parameters from commonality analyses (CA) for each species and for each type of data set. DV represents the dependent variable: classical genetic distances (GD) calculated either with the Bray-Curtis dissimilarity index (bc) or with Fst and hierarchical genetic distances (HGD1 and HGD2 for first and second level of hierarchy, respectively). For each model, the model fit (Multiple R 2 ) was estimated from reduced scale analyses, with a maximum distance threshold between pairs of individuals or populations (Distance) ranging from 2800 to 18500m. In each model and for each retained predictor, we estimated the structure coefficient (rs), the beta weight (β), as well as unique (U), common (C) and total (T) contributions. Significance of a predictor's contribution to the dependent variable was estimated using confidence intervals (CI-inf and CI-sup). A CI that included 0 was considered as a non-informative predictor (indicated in bold). Grey colour indicates predictors with negative relationship with the dependent variable (negative β) that may thus be considered as promoting gene flow.
Multiple linear regression and commonality analyses 283
The maximum euclidean distances between sampling locations that optimized the amount of variance 284 in classical and hierarchical genetic distances (variance explained by full regression models) ranged from 285 2800 to 3500m in individual-based data sets (vertebrate species) and from 4500 to 18500m in population-286 based data sets (insect species; Table 1 ; Appendix 4). After simplification (Appendix 6) and whatever 287 the model, Variance Inflation Factors (VIF) ranged from 1.00 to 1.70 (Appendix 7), suggesting little 288 collinearity among retained variables (Dormann et al., 2013; Prunier et al., 2015) .
289
When considering classical genetic distances in toads, the multiple linear regression explained 11.8 290 % of variance (Table 1) . Two infrastructures (the road D6089 and the secondary road network) were 291 associated with an increase in genetic distances in this model, thus suggesting barrier effects. Both for more details). When unique contributions were averaged across genetic distances, LTIs accounted for 303 47 % of overall explained variance (Fig. 4) . Infrastructures were mostly associated with an increase in 304 genetic distances, with 90 % of overall explained variance accounted for barrier effects of the road D6089 305 and of the secondary road network (82%) and, to a smaller extent, of railway (8%; Fig. 5 ). The 10 % 306 left were explained by a reduction in genetic distances across the motorway at the second level of the 307 hierarchy (HGD2; Fig. 5 ).
308
In snakes, the simplified model explained a small amount (4.15%) of variance in the dependent 309 variable (Table 1) but only comprised LTIs predictors (Fig. 4) . The motorway was associated with an 310 increase in genetic distances (positive β value) and accounted for 49% of explained variance (U = 0.021; 
DISCUSSION
The goal of this study was to assess landscape functional connectivity in four parapatric species occupying 346 a landscape fragmented by multiple large-scale transportation infrastructures. We were particularly 347 interested in the potential cumulative or on the contrary the antagonistic effects of six LTIs. We used 348 individual-and population-based regression analyses along with commonality analyses over restricted 349 spatial scales to thoroughly evaluate the relative contribution of various landscape predictors to the 350 variance in both classical and hierarchical genetic distances. We notably showed that LTIs were overall 351 responsible for a significant amount of genetic variability across species but that the response of organisms 352 to these LTIs was highly species-dependant. Most importantly, we found that LTIs did not only act as 353 barriers to gene flow but might on the contrary promote gene flow, with some antagonistic effects across 354 species.
355
Overall, LTIs were found to have a strong influence (either positive or negative) on gene flow, ac-356 counting for about 38% of the total explained genetic variability across species and genetic distances, as 357 against 62% explained by other non-LTI features (Fig. 5 ). All ground-dwelling species were affected by 358 LTIs, with contributions to the variance by LTIs ranging from about 50% in toads and beetles to 100% 359 in snakes , contrary to the flying species M. jurtina whose genetic variability was only negatively affected 360 by distance and woodlands, as expected from a previous study (Villemey et al., 2016) . Although butter-361 flies have a lower probability to be impacted by vehicles than ground-dwelling species, previous studies 
